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NATIONAL ADVISORY COMMITTEE FOR AZRONAUTICS
TECHNICAL HOTE 2888

PERFORMANCE CHARACTERISTICS OF PLANE-WALL
TWO-DIMENSIONAL DIFFUSERS

By Elliott G. Reid
SUMMARY

Experiments have bteen made at Stanford University to deterzine the
performance characteristics of plane-wall, two-dimensional diffusers
which were so proportioned as to insure reasonable approximation of two-
dimensional flow.

All of the diffusers had identical entrance cross sections and dis-
chargad directly into a large plenum chamber; the test program included
wide variations of divergence angle and length. During ail tests e
dynaric pressure of 60 pounds per square foot was maintained at the
diffuser entrance and the toundary layer there was thin and fully
turbulent.

The most interesting flow characteristics observed were the occa-
sional appearance of steady, unseparated, asymmetric flow - which was
correlated with the boundary-layer coalescence - and the rapid deteriora-
tion of flow steadiness - which occurred as soon as the divergence angle
for maximum static pressure recovery was exceeded.

Pressure efficiency was found to be controlled almost exclusively
by divergence angle, whereas static pressure recovery was markedly
influenced by area ratio (or length) as well as divergence angle.
Volumetric efficiency diminished as area ratio increased and at a
greater rate with small lengths than with large ones. Large values of
the static-pressure-recovery coefficient were attained only with long
diffusers of large area ratio; under these conditions pressure effi-
ciency was high and volumetric efficiency low.

Auxiliary tests with asymmetric diffusers demcnstrated that longi-
tudinal pressure gradient, rather than wall divergence angle, controlled
flow separation. Others showed that the addition of even a short exit
duct of uniform section augmented pressure recovery. finally, it was
found that the installation of a thin, central, longitudinal partition
suppressed flow separation in short diffusers and thereby improved pres-
sure recovery.
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INTRCDUCTION

The exrerimental invesiigation reported herein was conceived as the
first element of a broad research program directed toward the following
cbjectives: To identify the conditions upon which diffuser performance
is principally dependent, to determine their influences, anc¢ to utilize
this information in the development of improved diffusers.

While the elevation of diffuser efficiency without regard for
dimensional limitations is obviously desirable, the most welcome improve-
ment from the aircraft designer's viewpoint would be the reduction of
current lengths without sacrifice of efficiency. Special interest is
+therefore attached to diffusers with large rates of divergence.

Since diffusers have long been widely used, the necessity of seeking
the firs*t of the objectives stated above may seem somewhat anomalous. In
mos* technical fields, the modus operandi, capacity, and limitations of
ccmmonly used devices are usually well-known befcre they have been so
used for more than a decade. Unfortunately, this is not true of 4if-
fusers - although they have been used for more than a century.l As a
matter of fact, although tne lack of fundamental information on this
sutject has become increasingly apparent in recent years, relatively

ttle new light has been shed upon diffuser performence during the
L0 years which have elapsed since Professor A. H. Gibson completed his
nov-classic experiments (references 1 and 2). To bring this situation
into sharp focus, a brief outline of the present state of knowledge
regarding diffusers is presented herewith.

Tne availability of several competent digests of existing diffuser
literature - notably the one by Patterson (reference 3) - makes it
unnecessary to outline, here, much more than the boundaries of that
infcrmaticn and, as implied above, this requires but few additious to a
résumf of Gibson's work. In that résum€, however, emphasis is given to
an aspect of the work which the writer believes to have received unde-
servedly scant attention in the past.

The diffuser investigation usually associated with Gibson's name
consisted in the testing - with water - of three families of linearly
tapered diffusers which had circular, square, and rectangular cross
sections, respectively. (The rectangular ones were of two-dimensional
form, i.e., they had two parallel, and two divergent, walls.) Area
ratios R of 2.25, 4, and 9 were incorporated in the circuler and
rectangular types, whereas all the models of square section had area
ratios of %. In each case, models of various lengths provided coverage
of the range of wall divergence angles 26 Dbetween small values and 180°.

lyriah Boyden {1804-1871) is generally credited with i~troduction of
the diverging discharge tube as an adjunct to the water tu.bine.
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Despite some shortccmings of technique - as seen from Lhe modern
viewpoint - the results of these tests indicated tkat the diffusers of
all three types were characterized by sharply defined minimums of head
loss which occurred at divergence angles 28 Tbetween 5.50 and 11°, that
the head losses increased rapidly toward the theoretical values corre-
sponding to sudden enlargement of section as the divergence angles
exceeded their optimum values, and that the losses in comparable dif-
fusers were least for the circular, and the greatest for the rectangular,
cross secticns. These gereral characteristics have teen repeatedly
verified by others and no significant errors in Gihscn's quantitative
data have yet come to light.

Upon completion of this outstanding - but, noretheles: essentially
routine - exploratory study, Gibson embarked upon an invest.gatior of
more fundamental character. Urable to deduce, a priori, the optimum
longitudinal distribution of cross-sectional area for a diffuser, he
investigated the characteristics of the three curved-wall types which
appeared to him most promising. The first was so designed that, 1f the
flow were frictionless, the retardation dv/dt would be constant through-
out the length of the diffuser; the resulting form is best described as
"trumpet-shaped." The second, which had a less-proncunced flare, was
characterized by constancy of the ideal value of dv/dx. The third was
designed by an empirical method? intended to provide uniform loss of
head per unit length; the wall curvature of this type was the least of
the three.

Only three models of the first two types were tested because no
significant improvement was effected. However, 13 models of the uniform-
head-loss type - 6 of circular section and 7 rectangular, two-dimensional
ones - were built and tested and all of them proved superior o the
comparable linearly tapered diffusers. It is unfortunate that the effec-
tive divergence angles of these curved-wall diffusers were greater than
those at which minimum head loss occurred in their linearly tapered
counterparts because this precludes the direct comparison of relative
merits under optimum conditions. However, the measured reductions of
head loss ranged from 16 to more than 50 percent and conservative extra-
polation of the corresponding experimentally determined curves leaves
little doudbt of the superiority of the uniform-head-loss type even under
optimum conditions.

2Based on the experimentally determined relaticnship between head
loss and divergence angle for linearly tapered diffusers; for details,
see pp. 106-108, reference 2.

3Ackeret (reference L) tested two very similar curved-wall diffusers
and obtained results consistent with those of Gibson.
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The fundamental importance of this phase of Gibson's work Is found
in neither the development of an optimum diffuser form - tor there is
no evidence that this was accomplished - nor the considerable improve-
ment of efficiency which was achieved, but rather in the demonstration
that the efficiency of a diffuser of given length and area ratio is
substantially influenced by variaticns in the longitudinal distribution
of cross-sectionel area. It also seems worth noting, specifically, that
the foregoing results clearly show the linearly tapered type of diffuser
to be endowed with no special virtue except simplicity of form.

At this point, attention is drawn to the striking analogy between
the diffuser of fixed length and area ratio and the airfoil of specified
camber and maximum thickness. Recognizing the fact that Gibson's study
of diffuser profiles was a preliminary one which has never been system-
atically extended, it appeurs not unfair to appraise the present state
of knowledge regarding diffusers as no better than that which prevailed
in the case of airfoils Just prior to the investigations which yielded
the low-drag and high-critical-speed profiles now in common use. Thus
the principal necessity cf the first undertaking or the present program
is found in the fact that, as of today, the effects upon performance of
varying the longitudinal distribution of cross-sectional area in a
diffuser of fixed over-all proportions are neither comprehensively known

nor thoroughly understood.

While the foregoing comments do not imply that there has been little
progress in diffuser research since Gibson's work was published, it does
appear that attention has been largely diverted from the properties of
simple diffusers and concentrated upon auxiliary devices intended to
overcome their apparent deficiencies. Of these auxiliaries, boundary-
layer control, entry guide vanes, and rotation vanes appear to deserve
individual comments here.

Perhaps the most influential deterrent to further research on plain
diffusers is the success with which suction boundary-layer control has
been applied to the suppression of flow separation im short, wide-angle
diffusers. The effectiveness of this arrangement, originally suggested
by Prandtl in 190k (reference 5), has been demcnstrated by Schrenk
(reference 6), Ackeret {reference 4), and more rzcently by Biebel (refer-
ence 7). While it has almost unlimited possibilities, ths use of boundary-
layer control involves the provision of auxiliary ducting and either a
blower or some cther suction-producing device of adequate capacity. These
are complications which aircraft designers have, thus far, been unwilling
to accept.

Some promising work with entry guide vanes has been done by Frey
(reference 8), but its scope was so limited that the results are not
generally useful. However, the attainment of pressure efficiencies of
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52 and 47 percent with diffusers of R = 3 and divergence angles 28
of 90° and 180°, respectively, demonstrates that moderate pressure
recovery csn be had even in very short diffusers. While the effective-
ness oI such vanes in diffusers of moderate divergence is conjectural,
investigation of this question appears well-warranted by Frey's results.

The 1dea of using fixed vanes to produce helical flow In a diffuser
probably stemmed from earlier efforts to design efficlent draft tubes
for water turbines from which water is discharged with a vortexlike
distritution of tangential velocity. Peters (reference 9) has shown
that if a substantially’uniform, that is, rigid body, rotatior is super-
posed on the axial inflow cf a conical diffuser, the pressure efficiency
is considerably greater that that for simple translatory flow. A con-
siderable part of this improvement may, of course, be ascribed to the
fact that, since the spiral path is longer than the rectilinear one and
the pressure rise per unit of path length correspondingly smaller, the
introduction of the tangential velocity is equivalent to increasing the
length and thus reducing the effective divergence angle of the diffuser.
However, the demonstrated improvement of the efficiency of a diffuser
characterized by the optimm divergerce angle for translatory flow can-
not be thus explained and Patterson has suggested that it may arise from
the radial pressure gradient which is peculiar to the spiral flow.

The practical significance of this work has been at least ambiguocusly,
if not erronecusiy, interpreted by Patterson who concludes, in reference 3,
that, "In a conical diffuser having an angle of expansion in the range
15 deg. < 26 < 50 deg. an efficiency of 80 per cent can be obtained by
superposing a 'rigid body' rotation on the axial flow." Since the vanes
used by Peters were installed well upstream from the diffuser entrance
and the efficiencies computed from data obtained at the entrance and at
a station in the exit duct, these efficiencies are based on the existence
of helical flow at the entrance and take no account of the energy lost in
the production of the tangential v.-iocity. Thus Peters' experiments
demonstrate only that, if appropriate spiral flow exists at the entrance
of a conical diffuser, the efficiencies cited by Patterson may be obtained
and they do not prove that the efficiency of a given diffuser may be
augmented by installing within it rotation-producing vanes. This pos-
sibility is, however, one worth investigation and a basis for the expecta-
tion of some improvement 1s seen in the high efficiencies obtained by
Peters with diffusers having large angles of divergence. An edditional
possibility which deserves consideration is that of recovering energy
from the tangential motion by the use of counterrotation vanes at the
diZfuser exit.

Because of their bearing upon the character of the present experi-
ments, two additional items must be included in this résumé; they concern
the influences which the entrance boundary layer and the exit duct exert
upon the efficlency of a diffuser.
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lie former can be described quite simply: It zzs been demomsirated
perzeps most thoroughly by Peters (reference 9} - <tat the pressure
efficiency of a diffuser diminishes as the thickness ¢l its entrance
boundary layer increases. The effect is most proncinced when the lzyer
is very thin and tends to disappear as the thickness becomes large.
These findings have beep verified at high subscnic sreeds by the werk
of Copp and Klevatt at the Langley Aeronautical labsratory of the
Natlonal Advisory Committee for Aeronautics; however, the results cT
this work are not yet generally available.

The character and origin of exit-duct influence have long been
knevn. Gibson, for example, reported in reference . that, when a
_ diffuser discharged into a uniform duct having the same cross section
as the exit, maximum static pressure occurred not 2t the exit secticn
but at some distance downstream in the duct and this fact has been
ver:fied by numerous cthers. Reduction in the duct of the nonunifcermity
of velocity with which the fluid leaves the diffuser is the cause of
this subsequent pressure increase. While it has beea fairly common
practice to base efficiency and head-loss calculaticas upon this maximu=,
rather than the exit, pressure, such results are ckharacteristics of a
diffuser-duct combination and it is difficult, if pct impossible, to
determine the characteristics of the isolated diffuser from those cf
the combination. This has been pointed out by Perst in connection with
work done at the Langley Aeronautical Laboratory of the NACA, for wzich
the results are not yet generally evailable, and further informetion on
the matter will be found in the present report.

It will be apparent from the materiul which hes been summarized
above that the task of identifying the conditioms upon which diffuser
performance is principally dependent amounts to bridzing the gap between
Gibson‘s incomplete investigation of the influence ¢ the longitudizal
distribution of cross-section area upon performance znd the more receat
efforts to bypass this problem by incorporating auxiliary devices iz
conventional diffusers of simple geometric form. As matters now stand,
the necessity of resorting to auxiliary devices Is ccnjlectural because
the performance limits of simple diffusers are still unknown.

The first task is, then, to identify and study the influences or
the parameters which fix these limits. Subsequent Zetermination of
their optimum combinations and the corresponding difZuser characteristics
will be required to furnish a sound basis for the arzraisal of such addI-
tional improvements of performance as may be obtaina3le by the incorrors-
tion of auxiliary devices.

The present investigation was undertaken as the first step toward
these ends. The experiments consisted, primarlly, Iz testing a family
of symmetrical, plane-wall, two-dimensional diffusers. (A few auxiliary



28

S
~~

NACA TN 2888 7

tests for which the apparatus was particularly suitable were also
included in the program.) To minimize or eliminate extraneous influences
and sources of uncertainty which have characterized previnus work in

this field, the following precsutionary measures were taken:

{a) A very thin, fully turbulent boundary lzyer was provided at
the diffuser entrance

(b) The distance between the parallel walls of the diffusers was
made eight times the minimum distance between the divergent ones

(c) The apparatus was so arranged that the diffus >rs discharged
directly into a large plenum chamber

(d) All tests were made at the same value of entrance dynamic
pressure

This work was carried out in the Guggenheim Aeronautic Laboratory
of Stanford University; it was sponsored and finamnced by the NACA.

SYMBOLS

A cross-sectional area of diffuser entrance, square inches
(128 sq in. in all cases)

Ay cross-sectional area of diffuser exit, square inches

R area ratio (Ag/Al)

Re effective area ratio (an)

r local erea ratio (A/Al, vhere A 1is local cross-sectional
area)

L length of diffuser side plate, inches

distance of side-plate orifice from diffuser entrance, inches

X axial distance from diffuser entrance, inches (L, I, and x
are measured from downstream face of bellmouth end frame (5)
in figure 1)

Y distance from diffuser wall, inches

W width of diffuser entrance, inches (4 in. in all casec)
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width of diffuser exit, inches
distance betwesn parallel walls of diffuser, Inches

divergence angle of side plate, degrees {total divergence
angle equals 26)

included angle of wedge, degrees

air density, slugs per cubic foot

relative density of air

velocity, feet per second

mean velocity, feet per second

volumetric flow rate, cubic feet per second
static pressure, prcounds per square foot

dynamic pressure, pounds per square foot (pvz/Z)
total pressure, pounds per square foot (p + q)

static-pressure rise in diffuser, pounds per aquare foot
- pl

reduction of static pressure with reference to entrance total
pressure, pounds per square foot (ptl - p)

pressure-recovery coefficient ((p2 - pl)/ql)

pressure coefficient (Ap/ql)

pressure efficiency (CPR/(l - ;}2))

volumetric efficiency (Q/Qi)
boundary-layer thickness, inches

boundary-layer displacement thickness, inches
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Position sutscripts identify -
Kl

o regicn upstream froa Ziffuser
1 diffuser entrance
2 diffuser exit

Miscellanecus subscripts denote -
i ideal

e ~ equivalent
APPARATUS AND TEZCHNIQUE

This investigation was carried out by utilizing the Eiffel chamber
of the Stanford wind tunnel as a plenum chamber into which the diffusers,
installed tkerein, discharge air drawn from the quiescent outer region
through an entry bellmouth which protruded through a gasket-sealed
aperture in the chamber wall. During the tests, a dynamic pressure of
60 pounds pe: square foot was maintained at the entrance of each d’f-
fuser by so regulating the tunnel speed as to prcvide the necessar;:’
reduction of pressure within the chamber.

The diffusers themselves were of plane-wall, two-dimensional form
and were so coriented as to produce horizontal flow from east to west.
They were formed by the combination of four flat plates with an entry
bellmouth which terminated in a short, uniform-section channel of lb-inch
width and 32-inch height. The horizontal roof and floor plates were
rigidly attached to the bellmouth while the rotatable side plates were
connected to the bellmouth by flexible hinges of thin sheet steel which
formed smooth entry fillets (approximately circular arcs) at all diver-
gence angles. Varlations of exit area (a-ea ratio) were effected by
rotating the side plates about their hinges and length was progressively
reduced by cutting off the originally long plates.

Attention is drawn to the fact that, as all of the diffusers had
entrance cross sections of identical dimensions, the use of a fixed
entry passage and the maintenance of a predetermined dynamic pressure
at its downstream end provided uniformity of entrance conditions through-
out the entire series of experiments.
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Turaing now to details of thke apparatus, figire 1 i1llustrates the

rangezent of a typical diffuser of the grestest length zested

L/Hl = 21.75). Tre Ploor cf the Eiffel chamber, or belence rcom,
designated (1), served as a foundation Zor the irstallatica. To it
was bol<ed the massive table (2) which, in turn, provided a rigid
anchoroge for the two vertical I-beamzs {3). A pair of horizontal steel
bars (4} were screwed to the steel end frame {(5) s# the laminated,
wocden “ellmouth (5) and clamped ‘o the I-teams ir order to support
the eptrance structure in proper positioz with relerence to the table.
It will e noted that, except for the febric gasket (T), +he bellmouth
was in z=o way connecteé to the chamber well (8) which deflects appreciably
under ogerating air lcads. The sheet-metal fairizgs, or Ziller plates,
(9) and the stiffened plywood faceplate (10) completed the fixed bourd-
aries o2 the entrance channel. T

A conveniently remcvable, semicylindrical screen (11}, supported
by e frame of wood and steel trbing, was fitted over the bellmouth and
faceplate to ircure uniform velocity and low turtulence of the entrant
air stream. The ccreen was made of 0.01C4-inch-diameter dbrass wire,
woven 40 by 40 per inch. Figures 2 and 3 are photographs of the bell-
mouth arnd screen. In the former, the screen has teen detached and
elevated to give access to the diffuser entrance; in the latter, the
screen is shown in the operating position. The ccntraction of the air
stream between screen and diffuser entrance is also notewerthy. The
screen area (height, 4 ft, diam., 5 ft) was 31.h square feet, the dil-
fuser ectrance area (4 by 32 in.) was 0.59 square foot, acd thelr ratlo
was 35.3:1.

The diffusers themselves consisted of a floor plate (12) - supported
by the transverse frames (13) - two side plates (14), and the roof
plate (15), pressed together by the compression bolts (16). The roo?
and floor plates were fastened to the bellmouth exd frame by machirne
screws while the side plates were attached to it by means of the flexible
hinges (17). Details of these hinges are shown iz figures 1(b) and bL;
the latter is a close-up photograph taken with oce of the side plates
removed. The hinge material was 2.5- by 0.015-inch blued-steel clock-
spring stock; this was oven-sweated to the detachable elezent of the
bellmouth end frame and to the steel edge member cf the side plate.
The free length of the hinge was 1.125 inches. Figure 5 is a rear-view
photograph of a diffuser of the same lepgth as, tut of greater area ratio
than, the one detailed in figure 1.

The diffuser plates were, actually. shallow box beams built up by
gluing and screwing heavy plywood plates to cellular woodea frames, each
of which consisted of four longitudinal and seven transverse menmbers.
The air-flow surfaces of these plates, as well as those of the bellmcuth
and its facepiate, were filled, sanded, lacquered, and rubbed to a high
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polish. Great care was taken tc obtain smooth joints tetween bellizcuth,
end frame, hinges, and plates; explcraticn vith a feeler gage indizated
that surface discocntinuities at these joints did not exceed 0.0015 Inch.
o orevent air leakage, the upper and lower edges of the side plates
were faced with felt and the tcp and bottum edges of the hinges were
sealed externally with Plasticine.

Accurate positioning of the side plates was ccmplicated by tke
flexibility of the hinges and weight of the platec. Early trials ctroved
that equal displacements of the downstream ends of the side plates from
the vertical plane of symmetry did not insure symzetry ¢f the diffuser
entrance - for the upstream ends of the plates would nct always mcve
equally. To preclude such asymmetry during the tests, the forward ends
of the side plates were individually positioned by use of a dial gzage
{n a fixture which utilized the plane walls of the downstream section
of the bellmouth as reference surfaces. The gage settings were ob+ained
from curves of side-plate displacement (in a transverse plane Just beyond
the hinge) against exit width; the coordinates of the curves for tte
various diffuser lengths were determined by calculations based or <he
assumption of circular-arc hinge form. A gage tolerance of #0.003 inch,
as measured after clampipg ths plates. was observed throughout the test
program.

To obtain the desired test data, means were provided for determina-
tion of the total pressure of the entering air stream, the static cres-
sure at the diffuser entrance, tke distribution of pressure along the
center lines of the divergent side plates, and the distribution of total
pressure over the exit cross section. All of these pressures were
measured with reference to the stetic pressure in a region of the zlenum
chamber which was undisturbed by the diffuser discharge.

As the total pressure of the air just inside the screen differed
from the static pressure there by less than 0.001q, {because the contrac-

tion ratio was 35.3), measurement of the latter served to determire the
former with negligible error. For this purpose, three flush orifices
were located near the outer edge of the upper piate of the entrance
screen structure and interconnected by the tubes which may be seen in
figure 3.

Twelve static orifices were distributed, symmetrically, arourd the
perimeter of a bellmouth cross section located 1/2 inch upstream f:rom
the steel end frame. They served three purposes: To determine tke
velocity distridbution at the diffuser entrance,h to guide and suppert
the hypodermic tube used for boundary-layer surveys, and to enable

hActually 1.25 in. upstream from the foremost poiat of hinge Zlexure.
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regalation of the entrance d&ynemic pressur< during tests Nae of <hese
<

orifice installations is showu in figure 1/b).

Twenty-five orifices were identically distributed aloag the hori-
zontal center line of each of the rotatable side plates: treir locations
are given in table I and a typical installation is deteiled in fig-
ure 1{(b). =Each pair of rubber tubes from corresponding or:fices in the
two plates was led through a +hree-roller, multiple pirch clamp enid
thence, througn a Y-connecter, to a single tube of the recording
manometer. A half turn in either direction of the accentrically mounted
central roller of the pinch clamp caused simultaneous closure of all of
the tubes leading to one or the other side plate and tius 2nabled con-
venient inspecticn, comparison, and recording of the d:stributions of
pressure along the center liaes of the two plates.

Surveys of to*al pressure at the discharge ends of the diffusers
were made by use of a horizontal, 1otatable rake attached to e carrisage
which could be traversed verticallyraYPng a rail faste.ed tc the down-

stream end of the north side plate. srable assembly is shown 1n
figure 6; the rake, iiself, consist: ass bar of NACA 0025 nrofile
and 1.75-inch chord, from the leedix _ of which prcject 16 tcual-

pressure tubes of 0.058-inch diamete: .4 1.62% .inch length. During the
tests, care was taken to locate the tirs of the tubes within 0.03 inch
of the exit plane. As relatively large diffus.r divergence angles were
anticipated, the tips of the total-pressure tubes were cupped to minimize
errors due to flow irclinatior; the yaw charactzristics cf similarly
shaped tuoes are compared with those of conventional cnes in figiie T.

It will be noted that the spacing of tubes along the rake ic pon-
uziform. This untfortunate arrangement was adopted with the object of
obtaining thc becr possible definition of the boundary layer of one
plate - aund wlth the naive expectation that the flow wculd be sub-
ctantially symmetrical in diffusers of all useful proportions. The
unexpected cccurrence of markedly asymmetric flov under some conditions
of reiatively high pressure efficiency therefore resulted in rather
incomplete definftion of the distributinm of total pressure over the
gouth helf of the exit cross section in these cases.

Preliminary testing consisted in exploration and adjustment of tle
velocity distribution and boundary-layer characteristics at the down-
stream end of the bellmouth.

Work was begun with the original bellmouth in which the profiles of
the horizontal and vertical segments were identical. Measurement of the
static pressures at the 12 orifices previously described indicated

5The north plae appears on the left in photographs taken frsm the
i{scharge end.
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excessive vertical contraction of the stream, that Is, the velocity was
minimum at midheight end maximums were fournd rear the top and bottom of
the cross section. Temporary fairings, or filler plates, were therefore
installed to reduce vertical contraction within the bellmouth. These
fairings were empirically modified until satisfactory uniformity of the
static pressure was obtained at the cownstreauw end of the bellmouth, and
permanent metal plates of the final form were then installed. The
velocity distribution thus obtained is illustrated by figure 8.

With the bellmoutn in its finel.y fixed form, preliminary surveys
of the entrance boundary layer were nade. The instrument used for this
purpose is shown in figure 9. It consists, essentially, of a short
length of hypodermic tubing with a specially formed tip which projected
into the air stream through one of the static orifices at the downstream
end of the bellmouth and a micrometer positioning device which fitted
over the orifice connection and was screwed to the outer surface of the
bellmouth. A rubber-disk compression coupling in the spring-restrained,
morable element of the positioning device enabled transmission of the
total pressure at the tip of the exploring tube to the recording manom-
eter. The tip of the hypodermic tube was so flattened and ground that
the center of the aperture, which measured 0.011 by 0.0045 inch, could
be brought within 0.006 inch of the bellmouth wall.

The first surveys made indicated that, although the voundary layer
was unmistakably turbulent at some stations, transition was still
incomplete at others. (This conclusion was drawn from the forms of the
curves of velocity against distance from the wall when plotted in loga-
rithmic coordinates.) The substantial uniformity of the thinm, fully
turbulent boundary layer defined by the velocity profiles of figure 10
was obtained by lacquering a fine silk threed (0.008-in. diam.) to each
of the vertical surfaces of the bellmouth at a distance of L inches
upstream from the plane of exploraticn.

The entrance velocity distribution and boundary-layer profiles of
figures 8 and 10 were determined under the condition q; = 60 pounds per

square foot; this value corresponds to an entrance velocity of approxi-
mately 155 miles per hour for air of the average density found in the
laboratory, that is, ¢ = 0.95. Since this dynamic pressure was main-
tained during the subsequent recording of all test data, figures 8 and 10
depict the conditions which prevailed just upstream of the entrances of
all of the diffusers tested during this investigation.

A double bell-jar balance of high semsitivity (0.02 1b/sq ft) was
used to measure the entrance dynamic pressure qj. Relatively rapid
response of this balance was obtained by connecting one of the bell jars,
through a multiple connecter. to six of the static orifices at the d4if-
fuser entrance Py and by s.milarly connecting the other one to the




1k NACA TN 2888

three orifices just inside the inlet screen p.. The pressures in

the two bell jars were transmitted, through T-connections, to the
recording manometer.

Despite these precautions, the manometer colurn ccnnected to the
orifice; at the diffuser entrance failed to follow the static-pressure
fluctuations which occurred in diffusers of excessive divergence angle.
To preclude the recording of data during excursions of p; from the
average value indicated by the balance and its connected manometer
column, an adjacent column was connected directly to one of the orifices
at the diffuser entrance and records were taken only when the heights
of these two coluxns were in close agreement.

All precssures were photographiéally recorded and were reduced
directly to nondimensional pressure ratios by vse of a special optical
scaling device.

TESTS

The primery objective of the present experimental program was to
determine the performance characteristics of symmetrical, plane-wall,
two-dimensional diffusers throughout the practically useful ranges of
the length ratio L/W; and the area ratio R. Secondary objectives

were to explore the influence of asymmetry and to determine the effects
of adding constant-section extensions and internal partitions to dif-
fusers of the symmetrical type.

The major element of the program consisted in testing 22 symmetrical
models of the proportions tabulated below:

L/W, R

21.75 2,3, 4,5

15.25 2,3,54,5

11.00 2, 2.5, 3, 3.5, b
7.75 1.8, 2, 2.5, 3, 3.5
5.50 1.75, 2, 2.25, 2.625

These will be referred to, hereafter, as the "plain diffusers,” to
distinguish them from the other types described below.
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The effect of asyrmetry was investigated by alining one {+he south)
side plate with the direction of the entrant stream and varying the
divergence angle of the other plate to obtain the desired area ratio.
These tests were made with L/W; = 7.75 and at area ratics R of 2,

2.5, and 3.

Constant-section (parallel side-wall, extensions were added to
plein diffusers of L/W; = 11 and R =2 and 3.5 by reettaching the

side-plate segments which had been cut off %o reduce L/W; from 15.25
to 11.00. The roof and floor plates remained uncut at L/wl = 15.25
during these tests.

The first type of divided diffuser to be investigated was formed by
installing a central partition of 1/8-inch aluminum plate in a plain
diffuser of L/W, = 7.75. This plate, which may be seen in figure 11l.

extended 2 inches upstream from the foremost point of hinge flexure and
had a semicircular leading-edge profile. Instability of the relatively
flexible plate necessitated use of the lateral supports visible in
figire 11; these consisted of 1/8- by 3/L-inch rectanguler aluminur-
alloy bars which were notched to slip over the edges of the plate. The
two at the leading edge had no end fittings and were simply wedged
between the parallel walls of the bellmouth while the downsiream ones
were s-rewed to external blocks as may be seen in the photograph. Tests
were made of this arrangement with R = 2.5, 3, and 3.5.

The second type of divided diffuser differed from the first by the
substitution of a wedge for the thin plate. The wedge consisted of a
Masonite covered wooden frame with a solid-maple leading-edge strip.

The vertex of the wedge was truncated and rounded to a 1/8-1nch radius;
the foremost point of the rounded nose was located 2.2 inches downstream
frca the diffuser entrance (foremost point of hinge flexure) and the
wvedze terminated at the diffuser exit. Tests were made with the side
plates swung out far enough to provide unobstructed exit areas of 2.5
and 3 times the entrance area (R = 2.5 and 3) with L/W; = 7.75.

DEFINITION AND INIERPRETATION OF PERFOAMANCE PARAMETERS

Physical interpretation of the parameters used in presentation of
the experimental results will be facilitated dy reference to figure 12,

The central diagram (fig. 12(b)) illustrates the variations of
static, dynamic, and total pressures 1n a longitudinal section of a two-
dimensional diffuser into which previously undisturbed air is drawn by
reduction of pressure in the discharge plenum chamber - as in the present




(=)
[02Y

NACA TN 2888

tests. The static pressure at the exit Po iz necessarily equal <O

that in the plenum chamber. The flow-producing pressure difference is,

therefore, 8py = Ppy = Pp and, if entrance losses are negligible,

85 = Py, - Po- The kinetic energy of the discharged stream is, of

course, dissipated by turbulent mixing with the air in the plenum chamber.
The static pressure recovered within the diffuser is pp = py - Py-

In the case of such a streamline as A, the total pressure rerains
unchanged (at the value pio) throughout the length of the diffuser and

does not diminish until the streamline enters the external mixing zone.
Or the other hand, a loss of total pressure within the diffuser char-
acterizes all streamlines such as B which traverse any part of the
vall boundary layers. The velocity of effl.. in the case of streamline A
is identical with that for a frictionless fluid of the same density as
the air, that is,

v2A = ‘IEQQAID = JQAPQIQ = v2i (1)
whereas the smaller discharge velocity
Vog = \Ragp [P < 2205 [P = Vay (2)

prevails in the case of streamline B. The exit velocity profile is
shown at the downstream end of the diffuser in disgram 12(b); at the
exit the displacement thickness c¢f the boundary layer 1is 5*2 and the

volumetric flow rate (per unit distance normal to the plane of flow) is
Q = Vs (Wp - 25%,) (3)

If one now imagines po (and App) to remain unchanged while the

viscosity of the air and, therefore, the boundary-layer thickness
diminish indefinitely, maintenance of the previously established value

of Q would necessitate reduction of the exit width by the amount of

tke reduction of total boundary-layer displicement thickness at the exit.
Thus, as the viscosity approached zero, the exit width would approach the
limiting value Wo - 28%,. Furthermore, reduction of the diffuser width
throughout its length by amounts equal to the local displacement thick-

nesses would leave both the longitudinal distribution of static pressure
and the volumetric flow rate unchanged by the elimination of viscosity.
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Thus the volumetric flow rate and longitudinal distributica of
static pressure in a real diffuser are those which wculd characterize
frictionless flow through a diffuser whose transverse dimensions were
smaller than thogse of the real one by the local thickness of the wall
voundary lavers. Such ar idealized "equivalent" diffuser is shown in
diagram 12{(c).

If the foregoing reduction of viscosity were not accompanied by
any change of the dimensions of the diffuser, the uniforaity of exit
velocity - at the value V,; - would result in an increase of ihe
volumetric flow rate and in a corresponding reduction of the static pres-
sures at all points upstream from the exit. The consequences of such
ideal flow through the real diffuser are illustrated by diagram 12(a}.

These concepts suggest expression of the experimentally determined
static-pressure rise within a diffuser in the form of a nondimensional
coefficient and the comparison of its value with that of the corre-
sponding ideal one. The pressure-recovery ccefficient 1s defined as

Po - P1

The experimental results serve to define CpR as a function of the area
ratio Ap/A] = R and the length ratio L/W;.

To derive the formula for the ideal pressure-recovery coefficient,
rewrite the perfect-fluid form of Bernoulli's equation

Py + 3 =Pp * B (5)
2-h_y R (6)
q, q,

and substitute for qz/q1 in accordance with

2
% (2 (MY .1 (7)
1\ h) B
Thus, in the ideal flow

P2 -P1 _, éﬁ (8)
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and, since

Pp - P
Cpri = (‘"_EI—') (9)
i
the result is
Cpgy = 1 - iz (10)

The ideal value is thus seen to be independent of the length of the
diffuser and to depend only upon the area ratio.

Since comparisons ar< to be made between the present results and
those of previous experiments, the relation between pressure efficiency -
in terms of which most of the latter are presented - and the coeffi-
cient Cpgr 1is derived below. Pressure efficiency is defined as

N = 2p2 ~ R (11)
P le | _A_]; 2
2 |\

The introduction of gq; = pvlf/e and R = Ag/Al yields the alternative
forms

Pp =Py (P2 - 21)[2 (12)
w(-%) oR)

from the latter of which it is evident that

e T

C

”p = ZPR_ (13)
CpRry

Thus, pressure efficiency is merely the ratio of the actual pressure

recovery to the ideal one.
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Since the value of 1 is sometimes erroneocusly interprezed as an

D
index of pressure recovery, it appears worth while to point cut that
this inaterpretation is valid only under special circumstances. This
will be evident when the value of Cpgi from equation (10) is sub-
stituted in equation (13)

C
k2 1 ﬁR!; -
’2

and the equation is rearranged in the form

Cpg = qp(l - i) (15)

It will be seen from equation (15) that the dependence of Cpz upon the

value of R, as well as that of Y makes T useless as an Index of

pressure recovery unless the diffusers under consideration have equal
area ratios. It is also evident that as R increases, Cpr will also

increase so long as “p does not diminish as rapidly as 1 - (l/R2)

increases. For this reason - as will be demonstrated by the experimental
results - the maximum value of Cpr for diffusers of a given length

occurs at a value of R considerably larger than that at which Tp is

maximim. These considerations are chiefly responsible for the introduc-
tion and use in this report of the pressure-recovery coefficients defined
above.

Another parameter useful in appraising tke merits of variocus dif-
fusers 1s the area ratio of the equivalent diffuser of figure 12(c).
Since a real diffuser and its idealized equivalent are characterized by
the same value of Cpg, the result obtained in equation (10) zay bve
utilized to write

CPR = CpRie = 1 - —25 (16)
Re

6Peters (reference 9, p. 16) has pointed out the unsuitability of
Np @es ano indicator of the merits of diffusers of differert area ratios.
Both he and Gibson compare the actual loss to the theoretical loss due %o
sudden increase of cross-sectional area. However, as this limit has little
significance unless large separation losses occur, coefficilents of the

present type aprear preferable.
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in which Ry is the areaz ratio of the equivaleat diffuser. From equa-

SN ——— ()
1 - Cpr

An aspect of diffuser performance which appears to have received
1ittle or no attention in the past is the disparity between actual and
jdeal volumetric flow rates. This matter is of interest because the
disparity may be of consideradle magnitude even though the pressure
efficiency is high or the pressure-reccvery coefficient large. The
relationships which underlie this anomalous state of affairs are developed,
below, in terms of "volumetric efficiency" which is defined as

tion (16) it is evident that

N, = Q/Q (18)

Since the volumetric rates of the viscous flow through a real
diffuser and the frictionless flow through its idealized equivalent
are identical under fixed corditions of operation,

Q = VpyWoe (19)

because the exit velocity has the uniform value V,; in the latter case.
Similarly,

Q = Voi¥p (20)
whence
W. R
- _2e __®e
Ny = " R (21)

If the value of Re given by equation (17) is now substituted in
equation (21), it is found that

1 (22)

A RY1 - Cpg
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An alternative form of the relationship is obtained by substituting

qp(l - 33) for Cpr 1n accordance with equation (15); the result is
R
W = 1 (23)
V;E - np(R2 - l)

Equations (22) and (23) indicate, as might be expected, that if
R = Constant, 7, will be augmented if either Cpr or p is increased.
Hovever, it is also evident that if either n, or Cpr remains constant

while R increases, 1, will be reduced. These relaticnships were
deduced in the course of investigating apparently paradoxical experimental
results vhich indicated that an increase in the divergence angle (area
ratio) of a diffuser of fixed length caused an increase of 1y but a
reduction of 7ny. Examination of equation (23) reveals, of course, that
this is bound tou occur if the rate of increase of Tp is insufficient

to compensate for that of R.

The 1oregoing definitions of, and relationships between, the vearious
parameters arc summarized below for convenience of reference:

R = Ap/Ay In two-dimensional case R = Wo/dy
Po - P1
Cpr = —3
1

1" = =
.
1l
fhr:_g_:ﬁe_: 1 . 1
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RESULTS AND ACCURACY

The experimental results for the 22 plain diffusers are tabulated,
together with the geometric characteristics of these models, in table II.
Similar date for the asymmetric, extended, and divided diffusers will be
found in table III.

Auxiliary data presented only in graphical forms illustrate longi-
tudinal distributions of static pressure, typical dynamic-pressure dis-
tribution at exit, and sc forth. Specific reference to these charts
and to various graphical presentations of the basic data will be found

in the following section.

The accuracy of the test results is not uniform because the steadi-
ness of flow through diffusers of all lengths deteriorated rapidly with
increase of the divergence angles beyond the values at which maximum
pressure reccveries were attained.

With diffusers of less-than-optimum divergence, it is believed that
errors in pressure recording did not exceed tO.Olql for no greater dis-

crepancy between the results of visual observations and photographic
recording was found in these cases.

With reference to diffusers having greater-than-optimum divergence,
it can be said only that every effort was made to record what appeared
to be the mean characteristics of the fluctuating flows. Several
(usually nine) photographic records were made of the entrance, wall, and
exit static pressures in each diffuser because one record had to be made
for each position of the exit survey rake. The first two records of
each series wvere always completely scaled and, in the event of appreciable
discrepancy between the resulting values of Cpp, the data from these and

additional records were averaged to obtain a representative result. While
the portions of the Cpgp curves which these data define appear reasornably

consistent, it is suspected that some of the pressures recorded for
unsteady flows may differ from the true mean values by as much as 0.03ql.

DISCUSSION

In order that the results of the present experiments may be properly
interpreted and appraised, cognizance must be taken of some important
differences between this investigation and previous studies of two-
dimensional diffusers. The most significant ones are revealed by the
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follcwing tevulstion in which previous work on the subject is listed
chrc:ologically.7

SUMMARY OF TWO-DIMENSIONAL DIFFUS:ER RESEARCH

28 é
Research L/Wl d R P/Wl P/Wg
(deg) Al
Gibson 2.4-7.2 10-30 2.25 1.0 2.4k
(1910, 1911 - L4344 5-40 4.00 1.0 .25
references 1 and 2) 5.7-45.9 | 10-90 9.00 2.25 .25.
Vedernikof?f
(1926 - reference 15) 1.0 . 0-26 1.0-7.77 | 1.0 | 1.0-0.13
Nikuradse ] 0-8 1.0-5.65 | 25.0| 25.0-4.42
(1929 - reference 10) 33.3 2-65 2 2
Demontis _ . .0-0.3k4
(1936 - reference 16) 3.5 0-31 1.0-2.94 1.0 1.0-0.3
Polzin 15.0 0-L4 1.0-11.9 | 1.0 | 1.0-0.08%
(1950 - reference 17)
Present investigation 5.50 8.0-17.4 |1.75-2.625| 8.0 | 4.57-3.0k
(1950) 7.75 |6.0-18.9 | 1.8-3.5 8.0 | 4.45-2.63
11.00 5.4-15.9 2.0-4.0 8.0 4.,0-2.0
15.25 3.8-15.2 | 2.0-5.0 | 8.0 4.0-1.6
21.75 2.7-10.7 2.0-5.0 8.0 4.0-1.6

1p, distance between parallel valls.

The first point clarified by these data is that no one but Gibson
has investigated the effect of length ratio L/Hl upon the performance

of diffusers of either fixed area ratio or fixed divergence angle. In
each of Gibson's three families of diffusers, the area ratio remained
constant and variations of divergence angle were obtained by building

TAll significant previous studies of two-dimensional diffusers are

believed to be included in this list. GOttingen work prior to that of
Nikuradse is omitted in view of his summery and criticism (in refer-

ence 10) of the experiments carried out by Andres (reference 1i),
Hochschild (reference 12), Kroner (reference 13), and Ddnch (reference 14},
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. =odels of different lengths. The fact tze: each of the later experi-
~enters varied only the divergance angle of a diffuser of fixed length
is not readily explainable for, although Gibson cczcluded - in effect -
“hat pressure efficiency depended princizally upon divergence angle,
ris result showed tha%t variaticns of length had considerable effects
wvhen the divergence angle was fixed.

The second, and perhaps even more s-rprising, feature of this
summary is the revelation that, in all previous work except that of
Nikuradse, the proportions of the diffuser cross sections have been
such as to preclude even close approximation of two-dimensional flow.
This is apparent in the tabulated values of P/Wy and P/Wp; it will

te seen thet mos. of the entrance cross sections were square and that,
at the exit, the distance betweea the parallel walls exceeded that
btetween the divergent ones only in the cese of Nikuradse's experiments.
Fven more unfortunate are the facts that Nikuradse not only worked with
a varisble-angle diffuser of fixed length but was so exclusively con-
cerned with boundary-layer phenomena that he neglected even to record
‘the pressure recoveries obtained with that model.

Reference to the foregoing tabulation will now show that the
present investigation is characterized by neither of the shortcomings
menticned sbove. It includes determination of the effects of both the
gerea and length ratios and the proportions of the models are such that
substantial deviations from two-dimensional flow are unlikely to occur
in the absence of extremely thick boundary layers which, after all,
connote large energy losses. It thus appears that the present investiga-
tion is the first comprehensive study of two-dimensional diffusers in
which even approximately two-dimensional flow has prevailed.

The following discussion of the results of these experiments is
divided into four sections which deal, respectively, with the general
character of the flow through the diffusers, their pressure-recovery
characteristics, the question of volumetric efficiency, and the effects
of miscellaneous modifications.

Gencral Flow Characteristics

Since uniform velocity prevailed everywhere except within the thin
toundary layer at the entrances of all the diffusers, the extent to
wvhich two-dimensional flow was subsequently maintained in any particular
cne can be readily appraised by inspection of the contours of equal
dynamic pressure at its exit. Such contour charts for the longest and
shortest of the diffusers tested are reprnduced in the upper half of
2igure 13.
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There it will be seen thet the ccntours for diffusers of both
lengths closely approach parallelism with the vertical boundaries of
the exit cross sections throughout considerable portions of the diffuser
height when the area ratios are szall - for example, when L/Wy = 5.50,

R=1.75 to 2.25 and when L/Wl =21.79, R =2.0 to 3.0. Flows which

are substantially two-dimensional, therefore, prevail within these
regions. Inspection alone may create the erroneous impressicn that
serious deviation from two-dimensional flow is indicated by such coutours
as those for L/W; =21.75, R = L 0., However, a few calculations will

show that the variation of maximum discharge velocity among tke Lori-
zontal sections which nccupy the central half of the height of this
diffuser is less than 10 percent. It is also worth noting that the

curve of maximum velocity, while asymmetrically located, is relatively
straight and nearly vertical throughout most of its length. The fact
that the contour charts for the largest area ratio in each group, that 1is,
L/W; = 5.50, R =2.625 and L/W; =21.75, R = 5.0, even resenmtle

those for diffusers of the same lengths and smaller area ratios is scme-
vhat remarkable - for in both of these cases the flows were very unsieady
and the contours represent transient conditlons. (Some idea of the
magnitude of the fluctuations may be obtained from the two successively
recorded dynamic-pressure profiles which are reproduced below the contour
chart for the shorter diffuser.)

Since the examples in figure 13 represent the extremes of the
length and area ratios included in this investigation, und as the contour
charts for models of intermediate proportions are consistent with those
reproduced in figure 13, it is apparent that good approximation of two-
dimensional flow was obtained with all of the diffusers in which steady
flow prevailed and that this characteristic was retained to a consider-
~ble extent even when the divergence angle became so large that inter-
mittent separation caused the flow to become unsteady.

While it is well-known that the general effects of continuously
increasing the area ratio of a diffuser of given length are to produce,
at first, mere thickening of the wall boundary layers, then intermittent
separation - accompanied by fluctuations of flow pattern and entrance
velocity - and, finally, complete separation and chaotic turbulence,
the present experiments have shed further light on several aspects of
these phenomena. One of these is the anomaly of continuous asymmetric
flow in a symmetrical, two-dimensional diffuser.

Flows of this kind were encountered during the first preliminary
tests which were necessarily made with very long diffusers (L/Wl = 21.75).

This casused much concern and considerable delay because it was feared
that some serious imperfection of the experimental apparatus had escaped
detection or that an unsuitable orientation of the diffuser with reference
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+o the Eiffel chamber and tunnel air stream had teea chcsez. However,
careul reexamination ol the apparatus and *he entrance velicity and
boundary-layer survey data revealed nd evidence of significznt imperlec-
tion ané auxiliary tes<s demonstrated that the asymmetry cI Ilow was 1ot
substantialiy altered by such radical modifirations of the Zest condi-
tions es placing large cbstructions near the inlet screen cT installi=ng
ar inclined plate close to the diffuser exit to deflect tne discharge
stream first toward one :ié~ and then the other.

~
-
0

At this Jjuncture, a seerch of the literature was instizuted with
the object of discovering whether similar behavior of & twc-dimensionel
diffuser had been reported by any previous experimenter. I wWas found
that both Nikuradse and Demontis had observed the same puzzling phencm-
enon; the former dismissed it with little attention but the latter
reported that somevwhat extensive tests failed to reveal the cause. It -
was therefore assumed that the asymmetry was the result t some form of
instability which stemmed from mperZections too slight to be readily
detected and it was decided to proceed with the 2xperiments without
making further - and probebly futile - efforts to eradicate the unknown
source of the disturbance. The consistent displacement of the maximum
elocity line which characterized all of the diffusers with LWy = 21.75
is evident in the corresponding contours and dynam c-pressure profiles of
figure 13.

As the diffuser length was progressively reduced during subsequent
tests, it was noticed that asymmetry of the exit flow at midheight
tecame less proncunred and later disappeared when small ar=: ratios were
used - even though marked asymmetry persisted near the parallel -alls.
Moreover, i* appearsd that the exit velocity distribvtion was s;,metrical
in all horizontal sections in which the dynamic-pressure ratio 3p/dpy

attained a value of unity. Now, since g, = Ay = Ap on ell stream-

lines which do not treverse any part of the boundary layer {see fig. 12},
this observation suggested thet asymmetry must be confined <o those
sections which lie entirely witrin *he bo ndarcy layer.

Examination of the exit survey data for all of the diffusers has
confirmed the validity of this hypothesis in all cases c¢f stieady flow.
Typical resul*- which illus*rate the conspicuous symmetry c? the dis-
charge from short diftusers which zre clLarecterizea by relezively thin
boundery layers and a central core of undiminished total pressure are
the diagrams of figure 13 which correspond to L/W, = 5.50 and
R=175 to 2.25. It will be notec that their midheight dymamic-pressure
profiles have maximum ordinates of 1.0, a characteristic rc= exnibited
by any of the profiles for the diffusers with L/ = 21.72. It thas

appesrs that in a symmetrie "~ *wo-3imensional diffu-er, ccalescence of
the bounday layers attacu ..e divergent walls is prereguisite to
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the development of steady, asyrmmetric flow in regions outside the
boundary layers of the parallel walls.

The charts in figure 13 which refer to the diffuser with L/Wl = 5.5

and R. = 2.625 may appear to preclude extension of this criterion to
the regime of unsteady flow. (It has been noted, previously, that the
flow in this instance fluctuated violently.) However, the fact that
only one of the two successively recorded midheight dynamic-pressure
profiles has a maximum ordinate of unity, while the other one falls
appreciably short of that value, makes the accuracy of the higher resk
somewhat doubtful. Whether or not this suspicion is warranted, it
appears that the applicability of the criterion may be extended to
include the condition of unsteady flow by stipulating that general
asymmetry of discharge will not occur in any exit section {perperdicular
to the divergent walls) in which the maximum value of qe/qu never

falls below unity.

Despite identification of the conditions under which asymmetric
flow occurs in two-dimensional diffusers, the orlgin and mechanism of
development of such flows remain conjectural. The prerequisite of
boundary-layer coalescence suggests that the dividing layer of air which
has not undergone frictional retardation stabilizes the flow by pre-
venting interaction of the shearing forces which characterize the bound-
ary layers. It also appears to the intuition that minute differences
between the distributions of velocity and vorticity in the two boundary
layers may cause disproportionate asymmetry to develop once the layers
come together. These, however, are mere surmises and definite determina-
tion of the cause of such asymmetric flow must await further investigationm.

Before closing the discussion of this question, attention is drawn
to the fact that continuous asymmetric flow is not peculiar to the two-
dimensional type of diffuser. Evidence of its occurrence in a conical
diffuser has been noted by Persh in the work previously mentioned.

Another general characteristic which received much attention during
these experiments was the steadiness of flow. Notes based on visual
observations of manometer behavior were made during each test and, .
although it was expected that they would be of gualitative value only,
analysis of these observations enabled the construction, on a chart of
R =against L/W,, of a reasonably well-defined boundary between the

regions of steady and irregular flow.

From the voluminous notes taken during the experiments, the Zollowing
summary of the information relative to flow steadiness has been prepared.
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LWy R (steady) R (fluctuating)
21.75 4.0 5.0
15.25 3.0 4.0
11.¢0 3.0 3.5
7.7 2.5 3.0
5.50 cenenn 225

Two values of R are given for all but the shortest diffuser because

in that case, cnly, did one of the test settings appear to coincide with
the inception of velocity and pressure fluctuations; in all others the
character of flow underwent radical change between consecutive area-
ratio settings. The values of R tabulated above have been plotted in
figure 14 and used as a guide for construction of the probable boundary
curve. This curve was actually drawn with nc guidance but the plotted
points. However, when superimposed upon other charts based on accurately
determined data, it was found to indicate that irregularity of flow may
be expected to occur with a very small increase of divergence angle
beyond the value at which the maximum Cpgr 1s attained with a diffuser
of fixed length. Further reference to this curve will be made in the

. discussion of pressure-recovery characteristics.

In addition to those already mentioned, the following miscellaneous
flow characteristics are considered noteworthy:

An isolated stream of relatively high velocity and small cross-
secticnal area persistently penetrated the chaotically turbulient flows
in diffusers of large divergence angles. This remmant of continuous
flow was highly unstable; it wandered irregularly from top to bottom
and from side to side of the exit cross section but, despite these
excursions, appeared never to be completely interrupted.

It was fournd that there was no distinguishable difference as regards
the steadiness of flow between long and short diffusers of small area
ratio. This is mentioned because the view is known to prevail in some
quarters that uniquely steady flow through diffusers of small divergence
angle occurs when the boundary layer fills the entire cross section.
Only the longer models of the present series fulfilled this condition.

The final item is an interesting side light on the continuous,
asymmecric flow observed in long diffusers. The records show that,
despite the asymmetry of velocity, the distributions of pressure along
the center lines of the divergent walls differed negligidbly in the
absence of flow separation.
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Pressure-Recovery Characteristics

Since the majority of the results of previous diffuser research
have been presented in terms of pressure efficiency, the results of
the present investigation will be set forth, initially, in that form.

In figure 15, the experimentally determined values of Tp have

been plotted against the corresponding total divergence angles 20.
This chart is analogous to the ones used by Gibson to illustrate the
primary dependence of diffuser head losses upon divergence angle. Whil
the similarity of the variations of pressure efficiency with divergence
angle in diffusers of various length is evident in figure 15, the sub-
stantial differences between them clearly indicates that length also
influerices the value of Mp- In considering this chart, it should be

remembered that the value of Tp is not an index of pressure recovery
but is merely the ratio of the actual recovery to the ideal ome,

When pressure efficiency is plotted as a function of area ratio -
as in the upper chart of figure 16 - the effect of length is clearly
shown. To be sure, the maximum ordinates of the various curves differ.
1ittle, but the inferiority of short diffusers in the range of large
area ratios and their superiority at small values of R are quite
apparent.

The lower chart of figure 16 illustrates the dependence of the
pressure-recovery coefficient Cpgr upon both the length and area ratios.
Here the predominant influence is that of the length ratio upon the
meximm value of Cpr. It can be seen that there is little difference

between the pressure-recovery capabilities of diffusers of various
lengths when all have small area ratios but it is also apparent that
large values of Cpr are attainable only by diffusers of relatively

great length. Comparison of the experimental curves with the ideal one8
brings out the interesting fact that the disparity between experimental
and ideal values of Cpgp increases with area ratio. It is also worth

noting that the curves of np and CpRr demonstrate that diffusers of
all length ratios attain their maximum Cpr at area ratios considerably
larger than those which correspond to maximum Tp- The reason for this
disparity was brought out in the comments on equation (15).

Wnile the pressure-recovery characteristics of the tested diffusers
are completely defined by figure 16 - in fact, even by figure 15 -
alternative forms of graphical representation which greatly facilitate

8Defined by equation (10).
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interpretation of the test results will be found in figures 17 and 18.
In the former, contours of rp = Constant and, in the latter, ccntours
ol Cpgr = Constant have beer constructed on a chart having the coor-
dicates R against L/Wl. Since the magnitude of the divergence angle

is fixed by the values of R and L1/#), that is

8 = arc sin (B—:—l) {2k)

2Ly

euxiliary lines of 26 = Constant9 also appear on each chart.

Inspection of figure 17 reveals that diffusers of all length rat_ds
attain their maximum pressure efficiencies when the total divergence
angle is between 6° and 7°. It will also be seen that the maximum
value of qp diminishes slightly as that of L/Wl increases. However,

aside from the indication that pressure efficiency is closely relsted
to divergence angle, this chart directly conveys little further infor-
mation of significance because it defines pressure recovery only in
relative terms.

In figure 18, the pressure-recovery coefficient is depicted as a
function of the length and area ratios. There 1t will be seen that the
divergence angles at which maximum Cpg 1s attained with diffusers of
fixed length ratics are considerably larger than those which yield
maximum values of np - that is, CpR is maximum when the value of 20

lies between 9° and 12° - and it appears that diffusers shorter than
those tested would be characterized by even larger optimum angles.
Perhaps the most important fact illustrated by this chart, in conjunc-
tion with figure 17, is that, although higher pressure efficiencies are
attainable with small values of L/W; than with large ones, large
values of Cpr can be obtaired only by use of relatively long diffusers

cktaracterized by large values of R.

Another matter clarified by figure 18 is the inconsequential effect
produced, under certain conditions, by the variation of L/W; while R

remains constant. It appears that so long as 26 does not exceed the
values at which the CpR contour turans sharply upward, L/Wl may be

reduced without adverse effect., In fact, a slight improvement in the

INot rigorously correct tecause equation (24) implies use of p:voi
in place of flexure hinge; however, errors are too small to be show. in
crart.
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value of Cpgp at intermediate lengths is indicated by the forms of
zost of the contours. While considerable latitude in design is thus
indicated, it should not be overlooked that an excessive reduction

of L/Wy, while R remains fixed, will result in drastic reduction of

the pressure-recoiery coefficient.

It will be of interest to note that the ideal "contours” of CPR

would be horizontal straight lines because the value of Cpri depends
only upon that of R. (The values of Cpgri which correspond to integral
values of R are shown along the right-hand edge of fig. 18). This fact
makes it possible to deduce certain qualitative characteristics of the
flow through the diffusers from the shapes of the pressure-recovery
contours.

For example, if in a diffuser of fixed entrance area, the length
and area ratios (L/Wl and R) were simultaneously varied in such fashion
as to maintain Cpy at a constant value while the divergence angle

increased continuously, cne of the contours of figure 18 would be traced
from right to left along its nearly horizontal segment, then around the
vertex, and, finally, along its rising oblique segment. During this

hypothetical process, the variation of the exit area Ap is defined by

that of R (sinée Ay 1s fixed) while the maintenance of Cpp at a

constant value implies that R, and, therefore, the effective exit area
Ape must remain unchanged in accordance with previous interpretation of

the diagrams of figure 12. The difference between the actual and effec-
tive areas Ao and Ape 1is, therefore, equal to the area of the actual

exit cross section occupied by the idealized boundary layer of displace-
ment thickness. The magnitude of this effective reduction of exit area
by the presence of the boundary layer is therefore indiceted by the
height of the experimentally determined comtour of Cpg = Constant above

the corresponding ideal "contour," that is, horizontal line.

By use of these concepts, it is readily deduced tkat the mean dis-
placement thickness of the exit boundary layer changes inconsequentially
as the diffuser length is reduced during the tracing of the substantially
horizontal segment of the contour - because R and, therefore, Ap
vary negligibly. The sharp upturn of the contour toward the vertex,
however, indicates that a corresponding increase of displacement thick-
ness must occur as this part of the contour is traced and it is evident
that great additional thickening will ensue as the remainder of the
contour 1s traced.

From the foregoing facts concerning the indication of exit boundary-
layer displacement thickness Ly the form of a particular contour of
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Cpr = Constant, the relative thicknesses of the layers assoclated with

consecutive cortours can now be deduced. TFor example, the fact that
the oblique segment of the contour designated 0.74 lies sbove that of
the one designated 0.76 at the abscissa L/W; = 10 1iadicates that the

corresponding increase of R from approximately 3.25 to 3.40, with
L/Wi = 10, will result in a considerable increase of boundary-layer
displacement thickness at the diffuser exit.10 It thus becomes evident
that the rounded vertices of the experimentally determined contours:
identify the values of R and L/Wj; at which rapid thickening of the

wall boundary layers will begin if the divergernce angle of a diffuser
of such proportions is further enlarged.

The validity of this analysis appears to be neetly confirmed by
the results of the observations of flow steadiness first presented in
figure 14, The steady-flow boundary from that chart has been reproduced
in figure 18 where it will be seen to lie just above the vertices of the
pressure-recovery contours and this orientation is obviously consistent
with the fact that intermittent separation and unsteady flow usually
ensue when rapid thickening of a boundary layer occurs in the presence
of an adverse pressure gradient. The results thus show that, as the
divergence angle of a fixed-length diffuser is increased, the pressure
efficiency increases to a maximum and diminishes somewhat before the
maxirmm value of the pressure-recovery coefficient is attained. It also
appears that attainment of the latter maximum coincides with the incep-
tion of separation and unsteady flow.

While no previous work on two-dimensional diffusers 1s strictly
comparable with that reported herein, it may be of interest to see how
the present results differ from those of the only other comprehensive work
in this field., To enable convenient appraisal of these differences, the
comparable portions of Gibson's test data (reference 2) have been
transformed into contour charts similar to figures 17 and 18 and these
are reproduced as figures 19 and 20.

In figure 19, it will be seen that, although the maximum pressure
efficiencies of Gibson's models differ but little from those obtained
at equal! values of L/Wl in the present tests, they occur at a diver-

gence angle of approximately 9° - rather than at 6° to 7°, as in the
present case, It seems worth noting, also, that the discrepancies
between corresponding efficiency contours of figures 17 and 19 diminish
markedly as the divergence angle increases to large values,

10ss the ideal "contour" of Cpri = O.T4 1lies slightly below that
of Cpgry = 0.T6, the vertical distance between ideal and actual contours
is increased by a little more than the distance between the actual ones
designated 0.74 and 0.76.



While the differences betveen figures 18 and 20 are even more
obvious, it will de found that the vertices of the two sets of Cpg
contours have almost identical loci, that i{s, both are curves which lie
between the lines 28 = 9° end 26 = 12°. 1In most other respects, the
two sets of contours differ considerably. The lower segments of those
defined by Gibson's results are far frcm horizontal and, although
approximate coincidence will be found at Cpgr = 0.84, Gibson's contours
for smaller values of Cpr are, in general, displaced toward the left
with respect to the corresponding ones of figure 18.

It seems pointless to undertake detailed analysis of these dif-
ferences because the cross sections of the two families of diffusers
had such dissimilar propertions. However, readers who find it dif-
ficult to rationalize some of the discrepancies are reminded that Gibson's
"exit pressures” were actually measured in an exit duct and are, taere-
fore, larger than would have been the case had the same diffusers dis-
charged into a plenum chamber and the exit pressures been measured there.

The foregoing discussion cf pressure recovery has been restricted
to consideration of the total increase of static pressure within the
diffuser. However, the distributions of pressure along the diverging
walls of all the diffusers were also determined and consideration will
now be given to those results.

Two typical examples of the variation of wall pressure from entrance
to exit are iliustrated by figures 21(a) and 21(b); figure 21(b) depicts
conditions in undetached flow, whereas evidence of separation is obvious
in figure 2i(a). (The substantial equality of the pressures at corre-
sponding points of cppocite divergent walls {llustrated by figure 21(a)
is noteworthy because the exit velocity profiles were markedly asymmetric
in this case.) While all of the wall pressure data might be similarly
presented, this would require a large number of charts and certain
desirable compariscns would be rendered inconvenient. For these reasons,
another type of chart is used for this purpose.

It consists in a logarithmic plot of the local pressure coefficient
against tHe local area ratio. The special virtue of this chart arises
from the relationship between the ideal local pressure coefficient and
the local area ratioc; by analogy with equation (10) this is

Capg =1 - Cppy = 1 - --l-) =L (25)
Api PR1 ( 22 2

A plct of log cApi against log r therefore tekes the form of a
straight line through the point (1,1). To make the slope of this line -1,
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the modulus of the abscissa scale has been maie *vice that of the
ordinate scale in figures 22(a) to 22(e) whicxz dezlct the wall pressure
distributions in the plain diffusers. Each cZ tIsse charts refers o
diffusers of a single length and various area retilos.

While the curves in all five charts are generally similar in form,
detailed examination reveals some significant Zfesiures. First, it will
be noticed that in all cases the disparity betwee- ideal and measured
rressures increases with r, that is, with distance of the point of
pressure measurement from the diffuser entrance. This, of course,
merely indicates the progressive thickening oI the wall boundary layers.
However, the approximate coincidence of two or tiree of the curves o?
each group indicates that, at least within certalz ranges of the diver-
gence angle or longitudinal pressure gradient, the wall pressures are
controlled almost exclusively by cross-sectioral zrea end are negligibly -
influenced by distance from the entrance.

If this apparent relationship is not fortuitcus, it should be
substantiated by the positions of the closely grozped curves in all five
charts, that is, by the data for diffusers of all iengths, Compariscn
of the ordinates of the lowest curves in each chkz:t at several values
of r shows that they do, indeed, differ by extremely small amounts.

It thus appears that in the best1l diffusers of vzrious lengths the
pressure coefficlents for cross sections of equal area differ negligidbly.
Attention is called to the fact that this finding Is consistent with

the previously noted negligible effect of length —pon the values of Cpp
for diffusers of fixed area ratio and less-than-cztimum divergence. It
should be added that this finding 1s not withcut :recedent and that
previously reported data on boundary-layer growth give evidence of its
applicability to certain conical diffusers; this #1l1 be fourd in refer-
ence 18 on page 21 and in figure 13.

The probable reasons for the departure of scze of the curves in
each chart from the group of nearly coincident ones will be examined
pext. Since the discrepancy between actual and iieal pressures is a
consequence of the presence of a retarded bourdary layer in the actual
flow, these "nonconforming" pressure curves m:st result from the presence
of unusually thick boundary layers in the difZusers to which they corre-
spond. Excessive thickness is, of course, to be =xpected when the diver-
gence angle and adverse pressure gradient beccme so large that flow
separation occurs and this would appear to be an zdequate explanation of
the upward displacement of the pressure curves fco the larger aree ratios
(and divergence angles) in each chart.

1lvpest™ 1s used to denote the diffuser zavizg the smallest value

of CAp at a given value of r.
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On the other hand, it will be noted that the pressure curves for
R=2 1ie above those for R =3 and R =1t in the ckarts for
L/Wl = 21.75 and 15.25 and thet this inconsistency disappears as the

length is reduced. It is obvious that the foregoing explanation is
invalid in this case for there is no reason to believe that the boundary-
layer displacement thickness is greater when R = 2 than when R = 3.
Howaver, it does appear both possible and probable that the ratio of
displacenent thickness to channel width may cease to diminish, and
actually increase, as the longitudinal pressure gradient falls to the
very low values which characterize the long diffusers in guestion. While
experimertal evidence to substentiate this tentative explanation is
vanting, the nonconformity of these pressure curves for long diffusers

of small area ratio shows that the range of validity of the pressure-
area relationship discussed above is not only limited on one hand by

the appearance of separated flow but on the other by factors as yet
undetermined but probably definable in terms.of minimum adverse pressure
gradient.

At this point, cognizance must be given to the possible misconcep-
tion that failure to include total-pressure-loss data compromises the
usefulness of the results. To spare readers this misconception, it 1is
noted that these data were intentionally omitted because, as is explained
below, they convey no useful information about diffusers which discharge
into plemum chambers and are inapplicable to any other exit condition.

Aside from facilitating description of the cutflow from a diffuser,
the only value of exit survey data is that they may ensble appraisal of
the total pressure available for subsequent compression or acceleration
of the discharged fluid. BHowever, when a diffuser discharges into e
large plenum chamber - as in these experiments - the total pressure
avallable for such purposes is identical with the static pressure in the
plenum chamber, where the velocity is negligible. Therefore, information
regarding the loss of total pressure within the diffuser is superfluous
when the plenum-chamber pressure is known - as is the case herein - and,
in fact, it does not even enable calculation of the plenum-chamber pres-
sure unless the distribution of exit velocity is also known.

The other reason for the omission was the author's fear that such
data, if presented, would be misused in attempts to predict the per-
formance of similar diffusers which discharge into ducts. The fact that
the addition of even a short length of uniform-section discharge duct
substantially modifies the performance of a given di ffuserl2 indicates
the inapplicability to other exit cinditions of total-pressure-loss data
derived from tests which involved pienum-chamber discharge.

lQSee discussion of diffusers with parallel-wall exit sections under
"Effects of Modifications.”



36 NACA TN 2888

It seems worth adding that flow instabiliiy made it practically
impossible to ottain dependable exit survey deta for diffusers charac-
terized by divergence angles greater than those at which maximum Cpg

occurs. Since proof of this fact by "continuity checks" invalidated a
large part of the exit survey data, omission of the remainder appears
not only warrznted but wise.

Jolumetric Efficiency and Effective Area Ratio
In fricticnless flow through a diffuser of area ratio R, the

uniform entrazce and exit velocities are, of ccurse, inversely propor-
tionel to the correspording areas, whence

Under actual conditions of viscous flow, contiruity requires that the

mean velocities be similarly related, that is,

vlﬁz = R (27)

However, since Vb < Vpi, the actual entrance velocity and, therefore,
the volumetric flow rate fall short of the ideal quantities -

vV, < vli

Q<

end the volumeiric efficiency

Q P ___ 1 (28)

is always less than unity.

In figure 23, the volumetric-efficiency characteristics of the plain
diffusers are presented in the form of a contour chart. It will be seen
that this chart has little resemvlance to the analogous pressure-
efficiency diagram, figure 17. Volumetric efficiency diminishes steadily
as area ratio increases and the rate of reduction is greater at small
values of L/Ul than at large ones. A significant consequence of this
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ncruniformity is that much higher volumetric efficiency is attainable
g% small values of “he press -e-recovery coefficient than at large ornes.
In fact, the results indicate that high volumetric efficiency and large
values of Cpg are simply irreconcilable in diffusers of the type

tested.l3

This anomaly arises from the relative positions of the contours
ot Ny = Constant and Cpp = Constant. Segments of two typical contours,

tkcse for Cpg = 0.70 and 0.84 (frem fig. 18) have teen superimposed upon
tke volumetric-efficiency chart, figure 23. It will be seen that, when
L/4; = 6.0 and Cpg = 0.70, ny = 0.80 eand that, when L/W] = 21.7

ard Cpg = 0.84%, =n, = 0.575. Thus, the volumetric efficiencies of tke

sbortest diffusers capable of developing pressure-recovery coefficients
02 9.70 and 0.84 are 0.80 ard 0.575, respectively. The practical impli-
casion of these efficiencies and their disparity is that in order to
provide specified volumetric air-flow rates in diffusers of the propor-
ticns cited sbove their cross-section areas would have to be made 25 and
T4 percent larger, respectively, than those which would suffice if ideal
ex:t velocities prevailed at all points of their exit cross sectioms,
that is, 1/0.80 = 1.25 and 1/0.575 = 1.Th.

The fact that the effective area ratio of a diffuser is alternatively
de?insble in terms of either the pressure-recovery coefficient or the
volumetric efficiency and geometric area ratio, that is,

Re = 3,R = ]./Vl - Cpr (29)

af®ords a means of portraying, in a single diagram, the effects of the
basic design varisbles (R and L/wl) upon both the pressure-recovery

and volumetric-efficiency characteristice of a family of diffusers. This
fact has been utilized for the preparation of figure 24 vherein contours
of Re = Constant, derived from the data in table II, are shown on a
chart of R against L/W;.

A typical cortcur, for example, the one designated Re = 2.0,
identifies the proportions (R and L/Hl) of all the diffusers - within

the scope of these tests - which have the same performance characteristics
as an ideal diffuser of R = 2.0. A1l of the diffusers so identified are
chzracterized by the pressure-recovery coefficient

CPR=1--L.-1_;=0.75 (30)

Ree b

L3this appears to be true, to a considerable degree, of all types of
di>?users in which the boundary layer is not controlled.
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and <he mean entrance velocity is, in every case, exactly twice the
i1deal discharge velocity, that is,

IS

Vi = 2V, = f28p5 /0 (31)

The widely varied diffuser proportions which yield identical perfor-ance
characteristics are indicated, for this particular case, by the following

tyoical sets of values:

L ;

: ML (zeg) e R
2.5 17.0 5.0 z0  0.75
2.6 8.3 1.1 2.0 .75
3.5 0.8 13.5 2.0 .75
5.0 15.3  15.0 2.0 .75

Inspection of the contours in figure 24 will reveal that the dif-
ferences between R and Re may be relatively small when R is smril’
{as a consequence of high volumetric efficiencies attainable under <hat
condition) but that the minimum discrepancies, both relative and absslute,
increase as R is enlarged. It is interesting to notice that the
largest value of Re attained within the scope of these tests was 2.5.
The attainment of this value by a diffuser with an area ratio of .3
and a length of 21.7W; may serve to emphasize the extent to which tle
actual performance characteristics of two-dimensional éiffusers fall
shert of the corresponding ideal ores under the conditions necessary
for the realization of large values of the pressure-recovery coefficient.

Effects of MYodifications

Asymmetry.- Tests of asymmetric diffusers were made in an effort
to separate the effects of divergence angle from those of longitudizal
pressure gradient.

As may be seen in figure 25, it was found that the pressure recovery
effected by an asymmetric diffuser differed imperceptibly from that of
a comparable symmetric one so long as the area ratio did not exceed that
at which the latter attained a maximum value of Cpg. With greater-than-
optimum area ratios, asymmetric diffusers proved inferior to symmetric
ones.

These results prove beyond all reasonsble doubt that flow separation
in plane-wall, two-dimensional diffusers is not the consequence of &
mere change of flow direction of certain megnitude. On the contrary,
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the attainment bty both types of equal maximum values of Cpgp at equal

values of R unmistalably identifies longitudinal rressure gradient as
the factor of predomi .ant influence upon flow separation.

Diffusers with parallel-wall exit sections.- Te<ts of symmetrical
models with parallel-wall terminal sections wers made, primarily, to
determine the effects of incorporating such exiti secticns in diffusers
of fixed area ratio and over-all length and, incidentally, to verify
by observations of wall pressure distribution the previocusly reported
increase of static pressure in the uniform discharge passaze.

The pressure-recovery characteristics of symmetrical diffusers of
R = 2 and 3.5 which had parallel walls extending from L/Hl < 11.00

to L/Wl = 15.25 are compared in figure 26 with those of continuously
divergent diffusers of the same area ratios but with L/Wj = 11.00 as
well as L/w1 = 15.25. From the curves it is evident that the addition
of even a short, uniform duct to a diffuser of L/W; = 11.00 slightly

augments both the maximum value of the pressure-recovery coefficient
and the area ratio at which it occurs. It will also be seen that some-
what larger improvements of Cpp are obtained at greater-than-optimm

values of R and that minor improvement is obtained even vhen R 1is
relatively small. On the other hand, it 1is apparent that the discon-
tinuous form is inferior to a continuously divergent one of equal length
(L1 = 15.25) st all but small values of R.

The results of the wall pressure observation shcwn in figure 27
substantiate the finding that static pressure increases in a straight
exit duct despite the uniformity of its cross-sectioral area. This, of
course, is the source of the improved performance obtained by adding the
duct.

The superiority of the continuously divergent diffuser of the same
area ratio and over-all length as those of the discontinuous one 1s
undoubtedly due to the diffrrence between the longitudinal pressure
gradients which characterize the two types. Since the extended diffuser
has the larger divergence angle and pressure gradient, it is to be
expected that flow separation and reduction of Cpr will occur at a

smaller value of R in that case than in the other cne.

The results of these tests thus indicate that the addition of even e
short parallel-wall extension enhances the performance of a given plane-
wall, two-dimensional diffuser. However, they also show that the
incorporation of such a uniform section in a diffuser of fixed area
ratio and limited over-all length - with consequent increase of divergence
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angle and longitudinal pressure gradient - results ip regligible improve-
ment if “he area ratio is small and has an adverse ~ffect if it is large.

Diffysers with central partition.- Whea a thin zraiIral partition
is installad in a given two-dimensional diffuser, ti= Two asymmetric
diffusers so formed have the same area ratio as the orig.nel one but
the length ratio L/Wl is doubled by the halving of Wl. Cince the

effect of asymmetry has been shown to be negligible so long as th2 area
ratio is less than the optimum value for a ccmparable symmetric diffuser,
such modification would appear to afford a means of suostantially
duplicating the pressure-recovery capabilities of long diffusers in
short ones. Exploration of the practicel possibilities of so improving
the performance of rela‘ively short diffusers was therefore included in
the present vrogram.

In the previcis dsscription of tne models used for this purpose,
it wac mentioned that instability of the +hin partition necessitated the
installation of lateral supports. The wakes of those at the leading
edge of the part!:ion undou-tedly caused the flow to differ markedly,
and probably very adversely, from that which would have prevailei with
an usrestrained, but stable, partition. However, even under these
vnfavorable conditions, a sufficient improvement of performance was
nbtaired to warrant its discussion herein.

The pressure-recovery characteristics of plain and divided diffusers
with L/Wl = 7.75 are shown in figure 28. Four features cf the latter

varrant individual attention. In order of diminishing importance they
are: The attainment of a maximum vaiue of Cpgp at R =3 (instead of

R = 2.5, as in the case of the undivided diffuser), the attainment of a
maximum value of Cpp greater than that for the plain diffuser, the
marked (periority of the divided type when R 2 3.0, and it inferioritv
when R = 2.6.

The fact that the pressure-recovery coefficient continues to increase’
unt’l R = 3.0 1is interrreted as evidence that substantial flow separa-
tion is suppressed until that value is attained. Reference to figure 16
will show that a length ratioc of 11 is required tc achieve the same
resvlt with an undivided, symmetrical diffuser. Iasofar as flow separa-
tion is concerned, the partitioning of the diffuser is approximately
equivalent tc an increase of L/W; from 7.75 to 1l.

while further comparison of Sigures 16 and 28 shows that the maximum
pressure-recovery coefficient obtained with the divided diffusers is
appreciably smaller than that for plain ones with L/4; = 11.00, it 1is

believed that this deficiency is largely, if not entirely, the result of
the dissipation of energy in the wakes of the lateral supports which, It
will be remembered, were bars of unfaired, rectangular section.
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These two features of the results thus indicate that the parti-
ioning of a diffuser of L/Wl = 7.75 increases the optimum area ratio
from 2.5 to 3.0 - thereby making the flow separation effectiveness that
of a plain diffuser with L/Wl = 11.00 - and that the maximum value of

Cpr, wkich actually increased only from 0.74l to 0.755, would be much

more substantially improved if the peresitic supporting members could
be eliminated. It is also noted that the effective area ratio of the
divided diffuser of R = 3.0 is 2.016, vwhereas table II shows that the
largest value of Re attained by plain diffusers of L/W1 = 7.75 is

only 1.965.

The significance of the improvement of pressure recovery at values
of R greater than 3.0 is believed to be more apparent than real.
Although previous experimenters have expressed the view that augmenta-
tion of the pressure efficiency or pressure recovery in diffusers of
greater-than-optimum divergence 1s an improvement of considerable
practical value "when allowable dimensions are limited," this implies
that the primsry function of a diffuser is the reduction of velocity
and that pressure recovery is of secondary importance. Ordinarily,
however, the reverse is true, that is, the transformation of dynamic
into static pressure is the principal function of a diffuser and, under
this condition, there is no justification for using one which incor-
porates greater-than-optimum Q@ivergence. Improvement of the performance
of diffusers of fixed length ratio L/W; wunder the conditioms of

ordinary use is therefore demonstrable only by increase of the maximum
value of Cpr and the .ugmentation of Cpgr at area ratios larger than

the optimum one is significant only as regards applications in which
velocity reduction is of greater importance than pressure recovery.

The fact that introduction of the partition reduced the pressure-
recovery coefficients for area ratios less than the optimum value for
the undivided diffuser is neither surprising nor consequential. This
reduction of Cpr is, of course, the result of the additional frictional
losses arising from the retardation of the air in the boundary layers of
the centrpl partition. However, since flow separation does not occur in
plain diffusers at the area ratios under consideration, the installation
of a partition under such conditions serves no useful purpose and its
effects are, therefore, inconsequential.

The results of these experiments on partitions are considered
unsatisfactory because they asre inconclusive. Appraisal of the modest
improvements actually effected is complicated by the unknown effects
of the pe-asitic structure. Nevertheless, the fact that appreciable
improver .t was demonstrated under the unfavorable conditioms which
prevailc . proves that the central partition has some merit and would
appear to Jjustify further investigation of the potentialities of
internally subdividing short, wide-angle diffusers.
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Diffusers with central wedge.- In an effort to secure the benelits
of centrally dividing a short, wide-angle diffuser and at the same time
avold the necessity of providing lateral restraints for the dividing
memher, a self-supporting wedge of small included angle was substituted
for the previously tested plate partition. Tests of this arrangement
produced disappointing results and, although the cause became apparent
before the experiments were finished, time did not permit its rectifica-
tion. However, scme facts of considerable interest were revealed by
the data and comments upon them appear below.

The pressure-recovery characteristics determined with the wedge in
place differ very slightly from those which characterize plain diffusers
of equal length and area ratios. Unfavorably as this compares with the
general performance of the thin plate partition, one favorable feature
is disclosed by the data for R = 2.5, the area ratio which marks tkLe
pesk of the curve of Cpr against R for the comparable plain diffusers
(see fig. 29); it is the very small dif2rence between the ordinates of
the two curves at that abscissa.

Two possible explanations for such approximate equality may be
advanced. One is that the installation of the wedge causes a very small
increase of frictional losses; in view of the approximate doubling of
the wetted surfaces, this seems improbable. The other is that an aprre-
ciable increase of frictional loss is compensated by the suppression of
incipient separation - and this appears the more logical of the two.
Whatever the truth may be, comparison of figures 28 and 29 shows that
a larger value of Cpr Is obtained at R = 2.5 with the wedge than with
the externally supported plate partition. This fact lends support to the
view that elimination of the external supports would appreciably improve
the pressure-recovery characteristics of the latter.

The failure of the wedge to suppress flow separation to any such
extent as did the plate was traced to a combined effect of form and
location. The truncated leading edge of the wedge was located a short
distance downstream from the diffuser entrance with the hastily conceived
and erronecus idea that the projected surfaces should intersect in tke
entrance plane. The unfortunate result of this choice of position is
illustrated by figure 30 wherein the curves depict the variations of
velocity ratic and pressure-recovery coefficient which would occur in
frictionless flow near the leading edge of the wedge wvhen R = 3.0. It
will be seen that the rates of retardation and pressure change between
the diffuser entrance and foremost pcint of the wedge correspond to a
diffuser with R = 3.83 and that only farther downstream do they abruptly
change to the values appropriate to R = 3.0. Since tufts indicated that
unnistakable separation of flow from the divergent walls occurred opposite
the nose of the wedge when R = 3.0, there seems little doubt that cver-
rapld initial expansion prevented the wedge from performing its interded
function.
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CONCIUSIIONS

The following conclusions are drawn from the results of these
experiments on plane-wall, two-dimensional diffusers:

1. Satisfactery approximation of two-dimensional flow was obtaired
at all divergence angles smaller than those charscterized by intermittient
separation and marked unsteadiness of flow.

2. Steady, unseparated, asymmetric flow appears to occur only when
the wall boundary layers coalesce before reaching the diffuser exit.

3. As the divergence angle of a diffuser of fixed length increases,
steady flow prevails until the pressure-recovery coefficient attains its
maximum value; immediately thereafter, unsteadiness becomes noticeable
and the flow then degenerates rapidly into a state of violent pulsation
and chaotic turbulence.

4. In diffusers of all the length ratios L/W; tested, maximum
pressure efficiency 1p occurred when the total divergence angle was
between 6° and 7° end the maximm value of 7y (L/W) = Constant) declined
by only 2 percent as L/W) increased from 5.50 to 21.75.

5. Maximum values of the pressure-recovery coefficient Cpg for

diffusers of various length ratios occurred at total divergence angles
vhich ranged from about 12° for LW = 5.50 to 9° for L/ = 21.75.
The corresponding maximum values of CpR, which were 0.688 and 0.840,
respectively, indicate the marked influence of length ratio upon the
pressure-recovery capabllities of diffusers.

6. Variation of the length ratio while the area ratio remains constant
has a practically negligible effect upon the pressure-recovery coefficient
so long as the divergence angle remains appreciably smaller than that at
which the maximum value of Cpr 1s attained at the fixed area ratio. A
corollary finding is the negiigible effect of length ratio upon the dis-
placement thickness of the exit boundary layer under these conditions.

T. Volumetric efficiency diminishes as area ratio increases and at
a rate which diminishes as the length ratic increases. The result of
this variaticn is to preclude simultaneous achievement of high volumetric
efficiency and large pressure recovery.

8. The physical significance of experimentally determined diffuser
rerformance characteristics appears to be most clearly illustrated by
delineating the effective area ratio as a functicn of the geometric
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length and area ratios. The largest value of effective area ratio
attained in these experiments - which included the testing of diffusers
having length and area ratios as great as 21.75 and 5.0, respectively -
was 2.5.

9. Tests of asymmetric dAiffusers demonstrated that flow separation
is primarily controlled by longitudinal pressure gradient rather than by
change of flow direction, or wall divergence angle, per se.

10. Appreciable improvement of pressure recovery results when even
a short exit duct of uniform cross section is added to a diffuser.

11. In diffusers of small length ratio, the Iinstallation of a thin,

central, longitudinel partition augments the maximum pressure-recovery
ccefficient by suppressing flow separation and increasing the optimum
divergence angle.

Stanford University
Stanford, Calif., September 25, 1950
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ﬁ, distance of side-plate orifice from diffuser entrance,

SIDE-PLATE ORIFICE LOCATIONS

TABLE I

in.; L, length of diffuser side plate, in.]

1 1 L L

Orifice (1n.) /¥1 (1n.) TAS%
1 2,625 0.656
2 3.625 .906
3 L.625 1.156
L 5.625 1.L4o6
5 £.625 1.656
6 - 7.625 1.906
7 8.625 2.156
8 9.625 2,406
9 10.625 2.656
10 12,625 3.156
11 1k.625 3.656
12 16,625 4. 156
13 18.625 L.656
1k 20.625 5.156

22.0 5.50
15 24,625 6.156
16 _28.625 7.156

31.0 7.75
17 32.625 8.156
18 36.625 9,156
19 Lo.625 10.156

Lk 0 11.00
20 L6.625 11.656
21 52.625 13.156
22 58.625 14.656

_ 61.0 15.25
23 64,625 16.156
2k 72.625 18.406
25 82.625 20.656

87.0 21.75

47




TABLE II
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PERFORMANCE CHARACTERISTICS OF PLAIN ZIFFUSERS

( SYMMETRICAL, PLANE-WALL, TWO-DIMENSI:NAL TYPE)

(1in.) L/ (in.) R {deg) CrR e p Ny
87 21,75 8.0 2.0 2,67 |0.650 | -.689 | 0.866 | 0.845
12.0 3.0 5.37 796 | .21k .896 .738
16.0 4.0 8.03 .838 | Z.485 .8ah E21
20.0 5.0 10.70 .836 | .469 87 R
61 15.25 8.0 2.0 3.8 667 | -.738 .889 .B&9
12.0 3.0 T7.60 799 | z.231 .899 LTal
16.0 L.o 11.40 .813 | z.312 .B68 .S
20.0 5.0 15.20 LTL8 | -.992 .780 .358
Ly 11.00 8.0 2.0 5.38 BbT6F Z.T56 .90k .878
10.0 2.5 7.92 .T56 | 2.025 .501 .810
12.0 3.0 10.58 788 | z.am1 .886 127
14.0 3.5 13.20 766 | 2,068 .833 .591
16.0 4,0 15.88 71k | 2.869 T62 467
31 7.75 7.2 1.8 6.02 635 | -.655 .919 .20
8.0 2.0 7.53 684 | .79 .91k .889
10.0 2.5 11.30 LTh1 | 2,965 .882 .86
12.0 3.0 15.10 T10 | -.866 .T99 €62
14.0 3.5 18.90 BUL | 1676 .701 479
22 5.50 7.0 1.75 8.02 619 | -.620 .918 .832
8.0 2.00 10.72 671 | Z.7hh .897 872
9.0 2.25 13.38 688 1 -.790 .857 . 796
10.5 2.625 | 17.43 619 | -.620 L7125 617
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TABLE III
PERFORMANCE CHARACTERISTICS OF MODIFIED DIFFUSERS
Lolw | % R 20 | Cpr Re p Iy

(in.) (in.) (deg)

Asymmetric diffusers - one straight and cne divergent wall

31 7.75 8.0 2.0 7.57 {0.688 { 1.750 | 0.917 | 0.895
10,0 2.5 11.36 LT ) 1,976 .886 . 790
12.0 3.0 15,22 675 | 1.753 .T59 .58

Extended diffusers - parallel walls from L/W; = 11.00 to
L/wy = 15.25

861 | 15.25 8.0 2.0 b5.38 [ 0.68% | 1.778 { 0.912 | 0.889
4.0 3.5 | b13.20 .793 | 2.198 .864 .628

Diffusers with central partition - partition thickness, 0.125 1im.

31 | ¢7.15 | c10.0 | 2.5 11.30 |0.726 | 1.910 | 0.864 | 0.764
€12.0 | ©3.0 15.10 .54 | 2.016 .849 672
€i14,0 | ©3.5 18.90 .728 | 1.916 .792 547

Diffusers with central wedge - wedge included angle, 3.30°

31 7.75 le.O' 2.
dipo0 | 3.

5 | €11.13 [0.735 | 1.9%2 | 0.875 |O.TT7
o {¢%15.15 .716 | 1.876 .800 625

20ver-all length. W

bDivergent: section only.
CWwithout correction fcr thickness of partition.
dTotg.l width of open passeges.

€2(6 - Q), deg.
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L/Wy = 15.25.

Figure 22.- Continued.
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